The purpose of the research is to characterize the ionization process behind a shock wave with precursor photoionization in argon. In this study, the H- line is observed by spectroscopic measurements using a hypersonic shock tube and the Stark broadening of the H- line is evaluated to obtain the electron density behind a shock wave. As a result, the electron density is on the order of 10 21 m -3 and tends to decrease with increasing the distance from the shock front. The decrease of the measured electron density is caused by the radiative energy loss from the test gas because the radiative energy loss corresponds to a decrease of the temperature or the density of the test gas, both of which can decrease the electron density. Previous study showed that photoionization occurred ahead of the shock wave, making use of the radiation energy emitted from the region behind the shock wave. The fact might be related to the radiative energy loss obtained in the present study. From the present study, it is found that the radiative energy loss is dominant behind the shock wave under the condition that precursor photoionization occurs ahead of the shock wave. In future, we should investigate the radiative transfer phenomena around the shock wave for further clarification.
Introduction
Recently, planetary explorations targeting exterior planets have been proposed around the world. NASA is now exploring the surface of Mars using the exploration vehicle called Curiosity. A manned Mars flight will be planned in the future. In Japan, the sample return mission called HAYABUSA 2 is in progress and the exploration capsule with asteroid stones will be returned to the earth in 2018. To succeed these missions, a reliable atmospheric entry flight technology is required. A space vehicle entering into a planetary atmosphere is exposed to the severe aerodynamic heating due to the generation of a strong shock wave. In the shock layer, gas molecules change into high temperature plasma, having the nonequilbrium processes of thermal relaxation, dissociation, ionization and recombination reactions. The aerodynamic characteristics and heating rates of the space vehicle are affected by the nonequilbirum processes. Therefore, to clarify the thermochemical nonequilibrium processes in high temperature plasma is required for the aerothermal design of the space vehicle.
In 1960s, shock tube experiments were conducted using argon as a test gas to clarify the thermochemical nonequilibrium processes behind shock waves (Weymann, 1960 , 1969 , Holmes and Weymann, 1969 . These results showed that precursor electrons were generated ahead of shock waves and had a great influence on the thermochemical nonequilibrium processes behind shock waves. Katsurayama et al. (2007) numerically analyzed the influence of precursor photoionization on the thermochemical nonequilibrium processes behind a shock wave in argon. The result showed that Electron density measurements behind a hypersonic shock wave in argon the generation of precursor electrons activated the electron impact ionization process behind a shock wave, drastically reducing the nonequilibrium region. Yamada et al. (2014) conducted experimental and theoretical studies on precursor electrons generated ahead of a shock wave in argon. The result made clear that the generation mechanism of precursor electrons was photoionization, making use of the radiation energy behind a shock wave. In next step, the ionization process behind a shock wave with precursor photoionization should be characterized for further clarification.
The purpose of the research is to characterize the ionization process behind a shock wave with precursor photoionization in argon. In this study, the H- line is observed by spectroscopic measurements using a hypersonic shock tube and the Stark broadening of the H- line is evaluated to obtain the electron density behind a shock wave. The validity of the electron density is examined by numerical analysis.
In the following, "Experimental facility and method are explained in Chapter 2. The evaluation method of electron density using H- line profile is in Chapter 3. The procedure of numerical analysis is shown in Chapter 4. "Results and Discussion are explained in Chapter 5. Finally, the conclusion of the present study is shown in Chapter 6. 
Experimental setup
To generate hypersonic shock waves in argon, a free piston driven shock tube is used in this study. The shock tube can simulate typical planetary entry flight conditions. The test section with a 44 mm square cross section is made of aluminum alloy to reduce the emissions from impurities (Park, 1993) . Four quartz observation windows with a diameter of 30 mm are mounted on the test section wall. The detail description of the facility is shown in Ref. (Yamada, et al., 2013a Figure 1 shows the spectroscopic measurement system at the test section. This is the multipoint spectroscopic measurement system with short test duration developed in the previous study (Yamada, et al., 2013a) . The measurement system consists of a quartz convex lens, a fiber alley, an imaging spectrometer (Andor, SR303i) and an ICCD camera (DH734i-18F-03). Ten fiber elements are located with 1.0 mm intervals on the correcting surface of the fiber alley and optical setup is arranged to produce the image of the measurement points at the same magnification. The measurement system enables us to obtain the radiation from ten positions with 1.0 mm intervals along the central axis at a time, improving the measurement accuracy. The radiation collected by the fiber alley is dispersed into its spectral components by the spectrometer which generates a two-dimensional image on the photosensitive surface of the ICCD camera. The spectroscopic system is calibrated using a quartz tungsten halogen lamp (Newport, 63355) .
In this study, argon is used as a test gas to simplify the phenomena. Nominal shock velocity is 5.81±0.13 km/s and the test gas pressure is 50 Pa. 
Evaluation of electron density
A previous study showed that the Balmer lines of atomic hydrogen could not be eliminated completely from observed spectra even if pure nitrogen was used as a test gas (Fujita, et al., 2003) . Atomic hydrogen comes from the water vapor contained in the test section. The water vapor inevitably adheres to the channel wall when the shock tube is exposed to the atmosphere for the replacement of the diaphragm. In addition, it was found that the influence of atomic hydrogen on the electron density behind a shock wave was negligible.
Therefore, in the present study, the Stark broadening of H-line is used to obtain the electron density behind the shock wave. Previous studies had investigated profiles of hydrogen lines broadened by the Stark effect (Griem, et al., 1959 , Griem, 1964 . The H-line profile is one of the most reliable indicator to estimate electron density, which has been studied both experimentally and theoretically in detail. The correlation between electron density and the line width is represented in the following equation (Kunze, 2009 ( 1) where Stark is the line width broadened by the Stark effect, ne is the electron density. Electron density can be obtained from the line width of H-line using equation (1). A line profile fitting to the measured H-line is conducted to evaluate the line width of the H-line with the consideration of the other line broadenings. 
Numerical analysis 4.1 Governing equations
The following assumptions are made: (1) The flow is one-dimensional.
(2) The free-stream gas is Ar and three chemical species, Ar, Ar + , e -are considered. (3) Radiative processes are not considered. (4) The ionized gas is electrically quasi-neutral.
In this study, one-dimensional Euler equations with thermochemical nonequilibrium model are solved to numerically analyze the ionization process behind a shock wave in argon. The governing equations are given by
where, the vector Q comprises conservative variables, F is the inviscid flux vector and W is the source vector. These vectors are given by the following
In the above equation, the conservation equation for Ar is omitted and the following elemental species conservation equation is used to obtain the molar concentration of Ar (Hassan et al, 1993) . 
The molar concentration for e -is obtained using the following equation under the assumption of charge neutrality. 
The total density is given by the elemental density for Ar as
Thermochemical model
The total energy per unit volume is defined as 
where the electron energy is given by 
where
is the molar production rate of Ar + due to electron impact ionization.
Chemical reaction model
In this study, two types of chemical reactions proposed by Hoffert et al. (1967) are taken into account and shown below. 
The backward reaction rate coefficients in above equations are valid above 3000K. Under the condition below 3000K, the backward reaction rate coefficients are deduced from the detailed balance with the forward reaction rate coefficients using Saha's equilibrium equation shown below (Kobayashi, et al., 2002) . 
Numerical method and Conditions
In the present analysis, a shock wave is generated by impinging a hypersonic flow to a wall instead of solving the shock tube problem (Yamada et al, 2013b) . This method enables us to investigate the thermochemical process behind the shock front with less effect of expansion waves. The governing equations are integrated by a cell-centered finite volume scheme. Inviscid fluxes are evaluated using the AUSM-DV scheme (Wada et al., 1994 ) whose spatial accuracy is extended to second-order using the MUSCL approach with the minmod limiter. The time integration is performed with a CFL number of 0.3, which is combined with the diagonal point implicit method (Everherdt at al., 1992) for maintaining the stability of the source term.
The present calculation corresponds to the experiment conducted in this study. The shock velocity is 5.81 km/s and the pressure ahead of the shock wave is 50 Pa. Figure 2 shows the typical emission spectra observed at 30 mm from the shock front. CN Violet bands are observed and vibrational sequences of v=0 and v=-1 are identified by referring to the standard tables of molecular spectra (Pearse and Gaydon, 1976) . These radiations can be observed due to the impurity of the test gas. The vacuum pumping system in the shock tube facility can evacuate the test section to the lowest pressure of 3.0 Pa. As a result, 6 % of air is contained in argon test gas. A small amount of carbon dioxide contained in the air can result in the CN violet bands spectrum with considerable intensity (Fujita, et al., 2002) . Therefore, CN Violet bands are observed in the measured spectrum. Line spectra of Ar atom and ion are observed in the wavelength range from 400 to 430 nm and these lines are identified referring to the NIST database (NIST Atomic Spectra Database, 2014). The H- line of hydrogen is clearly visible at 486 nm and free from the other strong radiation in the measured spectrum. The Stark broadening of the measured H- line is evaluated in this study to obtain the electron density behind the shock front. 
Results and discussion

Measured spectrum
Order evaluation of line width
Order evaluation of line width is conducted to investigate the dominant line broadening mechanism of the measured spectra in the present test condition. In this evaluation, the orders of natural broadening, Doppler broadening, instrumental broadening and Stark broadening are taken into consideration.
The instrumental broadening of the spectroscopic measurement system is evaluated by a line fitting of Gaussian function to an atomic line of Hg I at 435 nm emitted from a wavelength calibration lamp. Figure 3 shows the instrumental function fitted to the measured line profile of Hg I. The instrumental function of the spectroscopic measurement system is given by
where 0 is the center wavelength, and = 0.488. The full width at half maximum (FWHM) is evaluated to be 1.15 nm in the present case.
The natural broadening, natural  , is evaluated using the formula shown below.
where i,j is the wavelength, i, j, n are principal quantum numbers, c is the speed of light, and Ai,n, Aj,n are transition probabilities from i, j to n. For the H- line, i = 4, j = 2 and the natural broadening is deduced to be 6.27×10
-5 nm. The Doppler broadening, Doppler  , is evaluated using the usual Doppler formula given by
where  is the wavelength, T is the translational temperature, A is the atomic weight. For the H- line,  =486.1 and A = 2. The equilibrium calculation in the present test condition shows that the translational temperature in the equilibrium region behind the shock wave is about 12000 K. The Doppler broadening is deduced to be 0.027 nm for T = 12000 K.
The Stark broadening is evaluated using Eq. (1), depending on the electron density. The electron density is estimated to be on the order of 10 22 m -3 in the equilibrium region behind the shock wave. Figure 4 shows the orders of other line broadenings compared with the Stark broadening in the present test condition. It is found that the effects of the natural broadening and Doppler broadening are small. On the other hand, the orders of the instrumental broadening and Stark broadening are comparable. Therefore, in this study, only the instrumental broadening of the spectroscopic measurement system is considered to evaluate the line width broadened by the Stark effect from the measured spectrum. 
Evaluation of electron density
To evaluate the electron density from the measured H- line, a line profile fitting is carried out. As a first step, the H- profile is assumed to be Lorentz function and the numerical spectra are computed for electron densities from 10 20 to 10 23 m -3 at every 10 20 m -3 . The resultant 1000 spectra compose a database of the H- profiles. As a second step, the numerical spectra in the database is modified by a convolution of the instrumental function determined in the previous section to incorporate the instrumental broadening effect. Finally, a line profile fitting using the database is carried out to find the most appropriate numerical profile, which can minimize the residual between the numerical profile and the measured one. Figure 5 shows an example of a numerical profile fitted to the measured one. The numerical profile is found to be in good agreement with the measured H- line. In this case, the electron density is deduced to be 3.31×10 21 m -3 . By applying this method to the spectra observed at other locations, the spatial distribution of the measured electron density behind the shock front is obtained as shown in Fig. 6 . The calculated electron density obtained by numerical analysis is shown as a solid curve in the same figure for comparison. The measured electron density is on the order of 10 21 m -3 and tends to decrease with increasing the distance from the shock front. The calculated electron density is higher than the measured one and tends to increase. The discrepancy between the measured and calculated electron densities can be caused by precursor photoionization. In the present numerical analysis, precursor photoionization is not taken into consideration because the suitable model has not been developed yet. It is reported that precursor photoionization affects the relaxation processes behind the shock wave (Katsurayama, et al., 2007) . The existence of precursor electrons may prompt the relaxation processes behind the shock wave, resulting in the decrease of the measured electron density. The decrease of the measured electron density is considered to be caused by the radiative energy loss from the test gas. The radiative energy loss corresponds to a decrease of the temperature or the density of the test gas, both of which can decrease the electron density. In a previous study, precursor electrons ahead of the shock wave in argon are found to be mainly generated by the photoionization, making use of the radiation energy emitted from the region behind the shock wave. In another research (Nelson, 1973) , it is pointed out that the radiation emitted in the region behind shock waves is the source of precursor electrons. Therefore, the radiative energy loss obtained in the present study might be related to the generation of precursor electrons. However, the relationship between the radiative energy loss and precursor electrons is not clarified by the present result. Nonetheless, from the present study, it is found that the radiative energy loss is dominant behind the shock wave under the condition that precursor photoionization occurs ahead of the shock wave. In future, we should investigate the radiative transfer phenomena around the shock wave for further clarification. 
Conclusion
In this study, electron density measurements behind a shock wave in argon were conducted using a line profile fitting to the H- line broadened by the Stark effect. The spatial distribution of the H- line was observed by spectroscopic measurements using a hypersonic shock tube and the Stark broadening was evaluated to obtain the electron density behind the shock wave. As a result, the measured electron density is on the order of 10 21 m -3 and tends to decrease with increasing the distance from the shock front. The decrease of the electron density occurs due to the radiative energy loss from the test gas. Previous study showed that photoionization occurred ahead of the shock wave, making use of the radiation energy emitted from the region behind the shock wave. This fact might be related to the radiative energy loss obtained in the present study. From the present study, it is found that the radiative energy loss is dominant behind the shock wave under the condition that precursor photoionization occurs ahead of the shock wave. In future, we should investigate the radiative transfer phenomena around the shock wave for further clarification.
